Autophagy, an evolutionally conserved homeostatic process for catabolizing cytoplasmic components, has been linked to the elimination of intracellular pathogens during mammalian innate immune responses. However, the mechanisms underlying cytoplasmic infection-induced autophagy and the function of autophagy in host survival after infection with intracellular pathogens remain unknown. Here we report that in drosophila, recognition of diaminopimelic acid-type peptidoglycan by the pattern-recognition receptor PGRP-LE was crucial for the induction of autophagy and that autophagy prevented the intracellular growth of Listeria monocytogenes and promoted host survival after this infection. Autophagy induction occurred independently of the Toll and IMD innate signaling pathways. Our findings define a pathway leading from the intracellular pattern-recognition receptors to the induction of autophagy to host defense.
The innate immune system is a powerful and evolutionally well conserved barrier to infectious pathogens. In drosophila, which rely almost entirely on innate immunity to fight microbial infection, members of the peptidoglycan-recognition protein (PGRP) family act as microbe sensors 1, 2 . These receptors are found in the hemolymph, on immune cell surfaces and in the immune cells, and they recognize bacterial peptidoglycans (PGNs) and activate immune signaling pathways such as the Toll and IMD pathways. These pathways control the production of antimicrobial peptides (AMPs) through NF-kB transcription factors 1, 2 . PGRP-LE, a drosophila PGRP family member present both in the hemolymph and inside immune cells 3 , binds to diaminopimelic acid (DAP)-type PGN 4 and is sufficient for the induction of genes encoding AMPs after immune stimulation with tracheal cytotoxin (TCT), a monomeric DAP-type PGN 5 . AMPs are effective against the growth of bacteria or fungi in the hemolymph 6 and perhaps in phagosomal compartments as well, but cytosolic pathogens escape these humoral defenses. Mammalian cells also express intracellular receptors that detect intracellular pathogens or their products 7 . For example, the receptors Nod1 and Nod2 sense substructures from bacterial PGN in the cell cytoplasm and activate innate immune signaling pathways 8, 9 . CARD9 is an adaptor protein that associates with Nod2 and elicits innate immune responses critical for protecting mice from Listeria monocytogenes infection 10 . The immune responses activated by these receptors to defend against intracellular bacterial growth are not apparent, however, in either mammals or insects.
Autophagy is a highly conserved cellular mechanism in which cytoplasmic components are sequestered into double-membrane structures called autophagosomes and are eventually degraded in lysosomes 11 . Autophagy is involved in diverse functions, including the removal of damaged organelles, protein turnover, the supply of nutrients in nutrient-deprived conditions, and cell survival and death 12 . In mammalian cells, autophagy is also involved in innate immune defenses against invading pathogens, such as group A streptococcus, Shigella flexneri, Mycobacterium tuberculosis and Toxoplasma gondii [13] [14] [15] [16] [17] . Group A streptococcus is an extracellular bacteria that can also invade the host cell cytoplasm, where it is rapidly sequestered into autophagosomes associated with microtubule-associated protein 1 light chain 3 (LC3; also called Atg8), which results in its degradation in the vacuole after fusion with lysosomes 13 . M. tuberculosis resides in phagosomes, where it interferes with phagosomal maturation and decreases the acidification of the bacteria-containing vacuole. The activation of M. tuberculosis-infected macrophages by interferon-g induces autophagy; this autophagy is induced by a mechanism dependent on the immunity-related GTPase family member IRGM (also called p47 GTPase) and inhibits bacterial survival 14, 18 . Although such reports have suggested that some intracellular pathogens induce autophagy and are controlled by autophagy in cultured cells, they have shown only limited effects on pathogen survival. Moreover, the mechanism(s) and sensor(s) mediating the induction of these autophagic antibacterial responses remain to be elucidated.
Studies also suggest that Toll-like receptor (TLR) signaling can promote autophagy. TLR4 stimulation promotes the localization of mycobacterial phagosomes together with autophagosomes 19 , but this is unlikely to be relevant during infection because M. tuberculosis does not express any TLR4 ligands. Many other TLR ligands also induce autophagy in cultured macrophage cell lines or mouse primary macrophages 20 . It is not yet apparent, however, if and how M. tuberculosis infection induces autophagy. Moreover, it is not yet known if autophagy is important in protecting the whole animal from lethal infection by M. tuberculosis, group A streptococcus or other intracellular infections. The idea of a link between the autophagy pathway and TLR signaling is further supported by a report that phagocytosis of TLR agonist-coated beads promotes phagosome maturation by recruiting elements of the autophagy pathway to the phagosome 21 . Localized TLR signaling in the phagosome is therefore probably important for the recruitment of autophagic components.
The cytoplasmic sensors that recognize bacteria invading the cytoplasm and trigger autophagy remain to be identified. Here we demonstrate that in drosophila, PGRP-LE recognized cytosolic L. monocytogenes and was essential for inducing autophagy, which inhibits intracellular growth of the bacteria and is necessary for host survival after L. monocytogenes infection. In addition, the induction of autophagy after detection of the bacteria through PGRP-LE was independent of the Toll and IMD pathways, which suggests the existence of a distinct innate immune pathway responsible for the induction of autophagy by a cytoplasmic sensor.
RESULTS

PGRP-LE in resistance to L. monocytogenes infection
In drosophila, PGRP-LE functions as an intracellular receptor for TCT, a monomeric DAP-type PGN 5 . That finding led us to determine whether PGRP-LE is essential for the recognition of intracellular pathogens. We first analyzed the resistance of the PGRP-LE-null mutant PGRP-LE 112 to infection by L. monocytogenes, an intracellular Gram-positive bacteria that is pathogenic to mammals and drosophila and that expresses DAP-containing PGN, which is potentially recognized by PGRP-LE 4 . As indicated by survival experiments, the PGRP-LE 112 mutant was hypersusceptible to low-dose L. monocytogenes infection relative to wild-type flies (Oregon R) or yw flies (wildtype control flies with the same genetic background as the PGRP-LE 112 mutant; Fig. 1a ). Consistent with a published report demonstrating that IMD pathway mutants are susceptible to L. monocytogenes infection 22 , PGRP-LC 7454 mutants (which have very low expression of PGRP-LC, membrane-associated cell surface sensor required for the activation of the IMD pathway) were also susceptible to L. monocytogenes infection. The survival rate of PGRP-LE 112 ,PGRP-LC 7454 double mutants after L. monocytogenes infection was similar to that of the PGRP-LE 112 and PGRP-LC 7454 single mutants, which suggested that PGRP-LE and PGRP-LC do not have redundant functions in producing resistance to L. monocytogenes. L. monocytogenes requires listeriolysin O to lyse the host phagocytic vacuole and access the cytosol 23 . The Dhly strain of L. monocytogenes, with deletion of the gene encoding listeriolysin O, can enter host cells by phagocytosis but is incapable of entering the cytoplasm 24 . PGRP-LE 112 mutants were not susceptible to this strain, consistent with the idea that cytosolic recognition requires PGRP-LE (Fig. 1b) .
L. monocytogenes infects phagocytic cells such as macrophages in mammals and hemocytes in drosophila 22, 23 . PGRP-LE is expressed in hemocytes 3 . PGRP-LE 112 mutants that expressed PGRP-LE specifically in hemocytes with the hemocyte-specific 'driver' hemolectin-Gal4 (hml-Gal4) 25 had a susceptibility to L. monocytogenes similar to that of wild-type flies (Fig. 1c) , which demonstrated that PGRP-LE expression in hemocytes is important for resistance against L. monocytogenes infection. Consistent with that finding, RNA-mediated interference (RNAi) targeting PGRP-LE with the hml-Gal4 driver induced susceptibility to L. monocytogenes infection (Fig. 1c) . In these conditions, hml-Gal4-driven RNAi efficiently decreased PGRP-LE expression in the hemocytes ( Supplementary Fig. 1 online) but did not decrease PGRP-LE expression in the fat body or gut (data not shown).
Next we determined if PGRP-LE was involved in suppressing bacterial growth in vivo. In wild-type flies, the growth of L. monocytogenes was relatively suppressed in both the humoral and the cellular fractions, whereas in the PGRP-LE 112 mutant flies, L. monocytogenes growth in the cellular fraction began immediately after infection, and bacterial growth in the humoral fraction began to increase 6 h later ( Supplementary Fig. 2 online) . In contrast to growth in the PGRP-LE 112 mutant, bacterial growth in the humoral fraction of the PGRP-LC 7454 mutant began to increase immediately after infection, but bacterial growth in the cellular fraction of the PGRP-LC 7454 mutant was indistinguishable from that in wild-type flies ( Supplementary Fig. 2 ). These data suggest that PGRP-LE is essential for suppressing the growth of L. monocytogenes in cells in vivo, whereas PGRP-LC protects the extracellular environment from these microbes.
PGRP-LE and autophagy suppress L. monocytogenes growth To directly demonstrate the requirement for PGRP-LE in limiting the intracellular growth of L. monocytogenes, we cultured hemocytes from drosophila larvae ex vivo, infected them for 1 h with L. monocytogenes and then incubated them for 5 h in gentamicin-containing medium to kill the extracellular bacteria. We visualized infection of hemocytes by L. monocytogenes by staining with the DNA-intercalating dye DAPI (4,6-diamido-2-phenylinodole; Fig. 2a ) and quantified the bacteria per cell (Fig. 2b) . Wild-type but not Dhly L. monocytogenes produced an actin 'comet' in hemocytes ( Supplementary Fig. 3 online) , which suggested that wild-type L. monocytogenes invaded the cytoplasm of the ex vivo-cultured hemocytes. That is consistent with a published report that L. monocytogenes associates with actin in hemocytes derived from infected larvae 22 . The number of wild-type L. monocytogenes in the PGRP-LE 112 mutant hemocytes was significantly greater than that in wild-type hemocytes (Fig. 2) . The number of Dhly L. monocytogenes growing in PGRP-LE 112 hemocytes was similar to that in wild-type hemocytes (Fig. 2b) . These results suggest that PGRP-LE recognizes L. monocytogenes only after it enters the hemocyte cytoplasm and that the phagocytic activity required for entry of the bacteria was not affected in the PGRP-LE 112 mutant. PGRP-LE expression induced by the hml-Gal4 driver in PGRP-LE 112 hemocytes restored the growth suppression of the wild-type bacteria (Fig. 2b) . These results indicate that PGRP-LE acts in a cell-autonomous way in suppressing the cytosolic growth of the bacteria. In contrast to PRGP-LE 112 mutant hemocytes, those from strains with mutant Imd, the critical IMD pathway adaptor, or Relish, the key NF-kB transcription factor of the pathway, did not show impaired control of intracellular listeria growth (Fig. 2a,b) . The control of intracellular bacterial growth was also not affected in hemocytes from larvae of PGRP-LC 7454 flies, MyD88 kra1 flies (mutant adaptor of the Toll pathway) or J4-homozygous mutant flies (lacking both Dif and dorsal (dl), which encode key transcription factors in the Toll pathway; Fig. 2b ). These results demonstrated that neither the two classical innate immune signaling pathways nor the cell surface receptor for DAP-type PGN were needed to control the intracellular growth of L. monocytogenes; in contrast, the intracellular PGN receptor PGRP-LE was crucial. These results indicate that some mechanism other than AMP production is essential for defending against cytosolic L. monocytogenes.
Studies have reported that autophagy functions in innate immune
responses against intracellular pathogens in mammalian cells [13] [14] [15] [16] [17] [18] . As AMPs do not seem necessary to control intracellular L. monocytogenes, we investigated whether autophagy is required for the inhibition of L. monocytogenes growth in hemocytes by expressing an RNAi transgene targeting drosophila Atg5 (CG1643), which encodes a factor essential for autophagy 26, 27 , with an hml-Gal4 driver; this efficiently decreased Atg5 expression in hemocytes ( Supplementary Fig. 1 ). Ex vivo-cultured hemocytes treated with Atg5 RNAi had more bacteria (Fig. 2) . The number of bacteria was similarly higher in hemocytes from the Atg1 D3D mutant (Fig. 2b) , in which starvation-induced autophagy is completely abolished 26 . Consistent with a report showing that autophagy limits the intracellular growth of L. monocytogenes in mouse embryonic fibroblast cells 28 , our results indicate an essential function for autophagy in the defense against L. monocytogenes infection. Moreover, the induction of autophagy by rapamycin treatment 29 or by forced expression of Atg1 (ref. 30 ) with the hml-Gal4 driver decreased the number of bacteria in PGRP-LE 112 cells (Fig. 2b) , which suggests that PGRP-LE acts 'upstream' of autophagy in the resistance to L. monocytogenes infection.
We confirmed the involvement of autophagy in hemocytes during innate immune responses against L. monocytogenes in vivo by examining survival rates of flies in which the RNAi transgene targeting Atg5 was expressed in hemocytes. These 'Atg5 RNAi' flies were susceptible to infection with wild-type L. monocytogenes, similar to PGRP-LE 112 mutants, whereas they were totally resistant to the Dhly strain of L. monocytogenes (Fig. 3a,b) . In contrast, the susceptibility of the Atg5 RNAi line and PGRP-LE 112 mutants to Erwinia carotovora, an extracellular Gram-negative bacteria, was not different from that of the control flies (Fig. 3c) . The PGRP-LC 7454 mutant was more susceptible to E. carotovora. This is the first demonstration to our knowledge that autophagy is crucial for host survival after infection with intracellular pathogens.
Drosophila S2 cells are macrophage-like cells and are an excellent model for studying intracellular infection, especially L. monocytogenes infection 31, 32 WT Lm hly Lm Figure 2 PGRP-LE and autophagy, but not the Toll and IMD pathways, are needed to suppress the intracellular growth of L. monocytogenes in hemocytes. (a) Microscopy of hemocytes from third instar larvae cultured ex vivo and infected with wild-type L. monocytogenes. Hemocyte nuclei (filled arrowhead) and DNA of L. monocytogenes (open arrowhead) are visualized by DAPI staining (blue or white); the actin cytoskeleton is stained with rhodamine-labeled phalloidin (red). hml-Gal44Atg5IR, expression of an inverted repeat sequence of Atg5 to induce RNAi against Atg5. Scale bars, 10 mm. (b) Intracellular wild-type L. monocytogenes (WT Lm) or Dhly L. monocytogenes (Dhly Lm) counted manually in DAPI-stained infected hemocytes. LE 112 ,hml4LE, hml-Gal4-driven expression of PGRP-LE in PGRP-LE 112 hemocytes; imd 1 , imd; Rel E20 , Relish E20 ; hml4Atg5IR, inverted repeat sequence described in a; w, hml4Atg1, hml-Gal4-driven expression of Atg1 in w hemocytes; LE 112 ,hml4Atg1, hml-Gal4-driven expression of Atg1 in PGRP-LE 112 hemocytes; PGRP-LE 112 +rap, PGRP-LE 112 hemocytes plus rapamycin. *, P o 0.001, compared with wild type (t-test). Data are representative of four experiments (a) or at least three independent experiments (b; error bars, s.d. of triplicate measurements). Fig. 4 online) ; thus, we compared L. monocytogenes infection in S2 cells with that in S2 cells stably transfected with a metallothionein promoter-PGRP-LE expression plasmid 5 . Incubation for 1.5 h with wild-type L. monocytogenes, followed by additional incubation for 6 h in medium containing gentamicin and 100 mM CuSO 4 to induce PGRP-LE, decreased the number of bacteria in the cells to numbers similar to those noted after infection with the Dhly strain (Fig. 4a) . Atg5 knockdown by RNAi in S2 cells expressing PGRP-LE ( Supplementary Fig. 4b ) restored the number of bacteria to that in S2 cells (Fig. 4a) . Infection of S2 cells expressing PGRP-LE with wild-type L. monocytogenes induced AMP expression in a PGRP-LE-dependent way ( Supplementary Fig. 5a online). This induction was totally dependent on imd, which encodes a key factor of the Imd pathway ( Supplementary Fig. 5b ). In contrast to AMP induction, PGRP-LE-mediated suppression of bacterial growth was not affected by knockdown of Relish or imd (Fig. 4a and data not  shown) . PGRP-LE-mediated suppression of bacterial growth was also not affected by knockdown of Dif and dl (Fig. 4a) . However, AMP induction was not affected by Atg5 knockdown ( Supplementary  Fig. 5b ), which suggests that the autophagy pathway is not essential for AMP induction in L. monocytogenes infection. Knockdown of the expression of Relish, Dif and dl, or Atg5 had no effect on the number of Dhly strain bacteria in either S2 cells or S2 cells expressing PGRP-LE (Fig. 4a) , which suggests that the products of these genes are not involved in phagocytic entry of the bacteria. These results suggest that the autophagy pathway but not NF-kB transcription factors (Relish, Dif or dorsal) is required for PGRP-LE-mediated suppression of intracellular L. monocytogenes growth. Consistent with the results suggesting the importance of the autophagy pathway in the PGRP-LE-mediated suppression of intracellular listeria growth, a time-course evaluation of the intracellular growth of the bacteria in S2 cells expressing PGRP-LE showed a decrease in the number of intracellular wild-type but not Dhly L. monocytogenes at 2.5 h after infection (0.5 h of infection plus 2 h with gentamicin). At later time points, the bacteria remained at low numbers in the S2 cells expressing PGRP-LE but multiplied robustly in S2 cells that did not express PGRP-LE ( Supplementary Fig. 6 online) .
(Supplementary
As noted above, PGRP-LE functions as an intracellular receptor by detecting peptidoglycan fragments 5 and is essential for suppressing intracellular bacterial growth. To test the possibility that PGRP-LE detects bacteria that invade host cell cytoplasm, we infected S2 cells expressing yellow fluorescent protein (YFP)-tagged PGRP-LE 5 with wild-type or Dhly strain L. monocytogenes and assayed them by confocal fluorescence microscopy (Fig. 4b,c) . With no bacterial infection, YFP-tagged PGRP-LE was dispersed throughout the cytoplasm 5 . After infection with wild-type bacteria, however, YFP-tagged PGRP-LE accumulated around the bacteria (Fig. 4b) ; in contrast, infection with the Dhly strain, which cannot enter the cytoplasm, did not result in the accumulation of YFP-tagged PGRP-LE around bacteria (Fig. 4c) . These results suggest that PGRP-LE directly detects invading L. monocytogenes after it enters the cytoplasm.
Autophagy induction by PGRP-LE
The data reported above suggested that intracellular PGRP-LE is responsible for detecting invading L. monocytogenes and for inducing autophagy. To test that possibility, we determined whether L. monocytogenes invading the cell cytoplasm was surrounded by autophagosomes in a PGRP-LE-dependent way. We expressed a fusion protein of LC3 and green fluorescent protein (GFP) 33 under the control of the promoter of a gene encoding actin in S2 cells and in S2 cells expressing PGRP-LE and examined the distribution of GFP-LC3 by confocal fluorescence microscopy ( Fig. 5a-i) . GFP-LC3 is an autophagosome-specific membrane marker detected in dot-or ring-shaped structures when autophagosomes are formed in mammalian cell cytoplasm 13, 14, 33 and in drosophila fat body cells 27 . In contrast to a published report showing that TLR4-dependent induction of autophagy by lipopolysaccharide treatment in a mouse macrophage cell line is maximal 12-16 h after lipopolysaccharide stimulation 19 , we found dot-or ring-shaped GFP-LC3 signals in S2 cells expressing PGRP-LE after only 1.5 h of incubation (0.5 h of initial incubation plus an additional 1 h in the presence of gentamicin) with wild-type L. monocytogenes (Fig. 5a,c) . The number of GFP-LC3 dots in cells infected with the Dhly strain was near the background number (Fig. 5a) . In S2 cells, in which no detectable PGRP-LE is expressed, infection with wild-type L. monocytogenes did not increase the formation of GFP-LC3 dots (Fig. 5a) . These results suggest that PGRP-LE is essential for the formation of GFP-LC3 dots caused by invasion of the cell cytoplasm with wild-type L. monocytogenes. Treatment of cells with rapamycin, an inhibitor of autophage-inhibitory factor TOR 29 , induced a similar frequency of GFP-LC3 dots in S2 cells and in S2 cells expressing PGRP-LE (Fig. 5a) , which suggested that the formation of dot-or ring-shaped GFP-LC3 itself was not affected by the lack of PGRP-LE expression. In S2 cells expressing PGRP-LE and infected with wild-type L. monocytogenes, one or many bacteria were often surrounded by ring-shaped GFP-LC3 dots (Fig. 5b,c) . We detected colocalization of wild-type bacteria and GFP-LC3 dots in S2 cells expressing PGRP-LE after 0.5 h incubation with bacteria, and the frequency of the colocalization after 1.5 h of incubation (0.5 h incubation with bacteria plus 1 h in the presence of gentamicin) was 57.7% ± 5.3%, significantly higher than that in S2 cells infected with wild-type bacteria (7.9% ± 6.9%; Fig. 5b ).
During the autophagic processes, cytosolic LC3 (LC3-I) is conjugated on its carboxyl terminus with phosphatidylethanolamine, and the lipidated LC3 (LC3-II) localizes to the autophagic membrane 34 . Therefore, the amount of LC3-II correlates with the number of autophagosomes. After infection, GFP-LC3-II increased considerably in S2 cells expressing PGRP-LE, whereas there was no change in GFP-LC3-II in infected parental S2 cells that did not express PGRP-LE (Fig. 5d) . Rapamycin treatment induced an increase in GFP-LC3-II in both cell types (Fig. 5d) . These observations suggest that PGRP-LE is not essential for autophagosome formation itself but that autophagosome formation is induced through PGRP-LE when L. monocytogenes invades the cytoplasm. As expected, Atg5 knockdown prevented the conversion of LC3-I to LC3-II after bacterial infection or rapamycin treatment (Fig. 5d) .
Next we investigated whether the structures associated with GFP-LC3-containing structures that surrounded L. monocytogenes had the typical characteristics of autophagosomes. At 1 h after infection (0.5 h of initial incubation plus an additional 0.5 h in the presence of gentamicin), we examined GFP-LC3 dots in S2 cells expressing PGRP-LE and GFP-LC3 by fluorescence microscopy (Fig. 5e) ; we also studied the same fields by electron microscopy ( Fig. 5f-i) . We noted double-membrane structures engulfing the bacteria (Fig. 5g-i) , which suggested that recognition of L. monocytogenes by PGRP-LE in the cytoplasm induces conventional autophagy around the bacteria.
We then determined whether endogenously expressed PGRP-LE is essential for inducing autophagy after infection of hemocytes by L. monocytogenes. We expressed GFP-LC3 with heat-shock-Gal4 in the third instar larvae and cultured hemocytes from the larvae ex vivo with L. monocytogenes. After 1 h of incubation with wild-type L. monocytogenes followed by an additional 1 h of incubation in gentamicin-containing medium, we found GFP-LC3 dots in L. monocytogenes-infected wild-type hemocytes, and confocal microscopy showed that infected L. monocytogenes were surrounded by structures containing GFP-LC3 (Fig. 5j,k) . In contrast, the frequency of the formation of GFP-LC3 dots was similar in uninfected and infected PGRP-LE 112 hemocytes (Fig. 5k) . This result was not due to lower phagocytic activity in PGRP-LE 112 hemocytes, because similar numbers of Dhly L. monocytogenes infected PGRP-LE 112 and wild-type hemocytes (Fig. 2b) . Similarly, this result was not due to a generalized defect in autophagosome formation in PGRP-LE 112 hemocytes, as the frequency and morphology of the GFP-LC3 dots induced by rapamycin treatment was similar in PGRP-LE 112 and wild-type hemocytes ( Fig. 5k and Supplementary Fig. 7 online) . Targeting of Atg5 by a Gal4-dependent RNAi transgene greatly decreased the number of GFP-LC3 dots per infected cell to that in uninfected cells (Fig. 5k) . We rarely detected GFP-LC3 dots in Dhly strain-infected hemocytes (Fig. 5k) . Together, these data indicate that L. monocytogenes invasion of the cytoplasm induces autophagy in a way dependent on endogenously expressed functional PGRP-LE.
We confirmed the PGRP-LE-dependent induction of autophagy in hemocytes by immunoblot analysis that showed the modification of GFP-LC3. We incubated wild-type and PGRP-LE 112 hemocytes expressing GFP-LC3, or hemocytes expressing an RNAi transgene targeting Atg5, ex vivo for 0.5 h with wild-type L. monocytogenes, followed by additional incubation for 2 h in gentamicin-containing medium. We then analyzed the modification of GFP-LC3 by immunoblot with antibody to GFP (anti-GFP). L. monocytogenes infection or rapamycin treatment of wild-type hemocytes enhanced the intensity of the processed form of GFP-LC3, whereas infection had no effect on GFP-LC3 processing in the PGRP-LE 112 mutant or Atg5 RNAi hemocytes (Fig. 5l) . These results indicate that PGRP-LE is required for the induction of autophagy in response to L. monocytogenes infection.
PGRP-LE-mediated induction of AMP in response to L. monocytogenes infection in S2 cells was dependent on the IMD pathway ( Supplementary Fig. 5 ). PGRP-LE-mediated suppression of intracellular bacterial growth in S2 cells and hemocytes, however, was not dependent on the IMD and Toll pathways. We therefore determined whether PGRP-LE-mediated autophagosome formation was dependent on the IMD and/or Toll signaling pathways. We quantified GFP-LC3 dots per cell in wild-type L. monocytogenes-infected S2 cells expressing both PGRP-LE and GFP-LC3. Knockdown of imd, Relish, MyD88, or both Dif and dl by RNAi in wild-type L. monocytogenesinfected S2 cells expressing PGRP-LE and GFP-LC3 did not affect the formation of GFP-LC3 dots, but Atg5 knockdown decreased the number of LC3 dots per cell (Fig. 5m) . Knockdown of PGRP-LC also did not affect the formation of GFP-LC3 dots (Fig. 5m) . These results suggest that the PGRP-LE-mediated autophagosome formation is independent of IMD and Toll pathways, consistent with other data indicating that PGRP-LE-mediated suppression of intracellular bacterial growth did not involve with these pathways (Fig. 4a) .
Autophagy induced by DAP-type PGN PGRP-LE recognizes TCT and DAP-containing PGN 4, 5 . We next determined whether TCT and PGN induced autophagy in the cell cytoplasm. We used a calcium phosphate method to transfect highly purified TCT 35 , highly purified DAP-type PGN or highly purified lysine-type PGN into S2 cells expressing PGRP-LE and GFP-LC3 and quantified GFP-LC3 dots after 2 h of incubation. TCT, DAP-type PGN or lysine-type PGN increased the number of GFP-LC3 dots per cell to a frequency similar to that in L. monocytogenes-infected cells (Fig. 6a) . In contrast, lysine-type PGN but not TCT or DAP-type PGN induced an increase in the number of GFP-LC3 dots in S2 cells lacking PGRP-LE (Fig. 6a) . We obtained similar results with chemically synthesized TCT (data not shown). Transfection of either of two synthetic desmuramylpeptides (peptidoglycan fragments containing DAP), FK156 (ref. 36) or its derivative, FK565, did not increase the number of GFP-LC3 dots in S2 cells expressing PGRP-LE (data not shown). Correlative fluorescence microscopy-electron microscopy showed that the TCT-induced GFP-LC3-expressing dots had double-membrane structures typical of autophagosomes ( Supplementary Fig. 8a ,b online). These results suggest that autophagy induction mediated by TCT and DAP-type PGN is dependent on PGRP-LE but that autophagy induction mediated by lysine-type PGN is not. We also examined the formation of GFP-LC3 dots in response to TCT, DAP-type PGN or lysine-type PGN in hemocytes cultured ex vivo, although the precise mechanism of cytoplasmic delivery of PGN in hemocytes is not clear. The formation of GFP-LC3 dots dependent on TCT and DAP-type PGN was suppressed in PGRP-LE 112 mutant hemocytes relative to that of their wild-type counterparts, but lysine-type PGN-dependent formation of GFP-LC3 dots was not affected in PGRP-LE 112 mutant hemocytes (Fig. 6b and Supplementary Fig. 8c-h) . These results suggest that PGRP-LE is crucial for the induction of autophagosome formation in response to TCT and DAP-type PGN but not in response to lysine-type PGN. Together, these findings indicate that PGRP-LE probably recognizes DAP-type PGN of L. monocytogenes to induce autophagy.
DISCUSSION
Evidence has indicated the importance of autophagy as a defense against intracellular pathogens, and the mechanism underlying the induction of autophagy during pathogen infection is a central issue. The results of our study here have demonstrated that PGRP-LE, through its ability to induce autophagy and prevent intracellular bacterial growth, is essential in drosophila for resistance against L. monocytogenes. Our findings have indicated that the induction of autophagy, as an innate defense mechanism targeting intracellular pathogens, is activated by intracellular microbial sensors. In mammalian cells, the Nod-like receptors (or other intracellular microbial receptors) may sense bacterial invasion of the cytoplasm and induce autophagy in response to cytoplasm-invading bacterial infection. In fact, autophagy induction during infection of mouse embryonic fibroblast cells with L. monocytogenes requires the expression of listeriolysin O 28 , which suggests that the sensing of L. monocytogenes in mammalian cells also occurs in the cytoplasm.
In primary hemocytes and S2 cells, both DAP-type and lysine-type PGN induced autophagy, although PGRP-LE was responsible only for the autophagy induction stimulated by DAP-type PGN. These results suggest that other cytoplasmic sensors detect invading bacteria with cell walls containing lysine-type PGN. In mammals, autophagy has also been linked to resistance to parasites, such as T. gondii, and viruses 12 . Although the fundamental mechanisms linking these pathogens with the autophagy machinery might be similar to that used in bacterial infection, it is likely that the host cells use distinct sensors to induce autophagy in response to each type of pathogen.
Although the molecular mechanisms and signaling pathways leading to starvation-induced autophagy are well studied, the signaling pathways that induce autophagy after pathogen infection are just beginning to be clarified. In contrast to AMP induction, PGRP-LEmediated induction of autophagy was independent of the Toll and IMD pathways. However, autophagy induced by lipopolysaccharide through TLR4 signaling dependent on the adaptor TRIF has been shown to overcome an M. tuberculosis-mediated phagosome block and promote its localization together with autophagosomes 19 . PGRP-LE has a RHIM-like motif that is similar to the receptor-interacting protein homotypic interaction motif present in TRIF and the signaling mediator RIP1 (ref. 5 ). This motif is required for the interaction between TRAF and RIP1 and for TRIF-and TLR3-induced NF-kB activation 37, 38 . It is possible that an unidentified factor with a RHIMlike motif interacts with PGRP-LE to activate the signaling pathway to induce autophagy. Autophagy has been shown to be essential in the defense against several kinds of pathogens in cultured cells [13] [14] [15] [16] [17] . Thus, our report opens the door to investigation of the connection between intracellular pattern-recognition receptors and autophagy as an immune response, as well as the signaling pathways involved in both insects and mammals.
METHODS
Fly strains. Stocks were raised on a standard cornmeal-yeast agar medium at 25 1C. The following strains have been described elsewhere: ywPGRP-LE 112 (PGRP-LE 112 ) 3 , w;;PGRP-LC 7454 (PGRP-LC 7454 ) 39 , Relish E20 (ref. 3), w;;Atg1 D3D (Atg1 D3D ) 26 , w;;hml-Gal4 (hml-Gal4) 25 , w;cg-Gal4 (cg-Gal4) 30 , w;UAS-PGRP-LE (PGRP-LE) 4 , ywUAS-Atg5 IR (Atg5IR) 26 , yw;;UAS-Atg1 6B (ref. 30 ) and w;UAS-GFP-LC3 (GFP-LC3) 27 .
Survival experiments. Flies were infected with bacteria through the injection of approximately 70 nl per fly of a dilution of cultured bacterial strains (1/100,000 dilution of an L. monocytogenes suspension or E. carotovora suspension; absorbance of 1.0 at 600 nm), which resulted in the injection of approximately 10 bacteria per fly. All survival experiments used 30 flies for each genotype and were done at 28 1C for L. monocytogenes injection or 25 1C for E. carotovora injection. Surviving flies were transferred daily into fresh vials.
L. monocytogenes infection of hemocytes cultured ex vivo. Third instar larvae mounted on concanavalin A-treated glass slides were dissected in Schneider's drosophila medium containing 10% (vol/vol) FBS. After a few minutes of incubation to allow the hemocytes to attach to the glass slide, the medium was replaced with new medium and a suspension of L. monocytogenes grown to mid-log phase was added to the culture (approximately 20 bacteria per cell), followed by 1 h of incubation at 28 1C. Cells were washed and further incubated for various times at 28 1C in Schneider's drosophila medium containing 10% (vol/vol) FBS and gentamicin (10 mg/ml). Cells were then fixed with 2% (wt/vol) paraformaldehyde for immunohistochemical analysis. For the induction of GFP-LC3, third instar larvae were treated to heat shock (20 min at 37 1C) at 12 h before hemocyte isolation.
Bacterial strains. The following L. monocytogenes strains were used: 10403S (wild-type strain), DP-L2161 (Dhly strain) 31 , DH-L1039 (GFP-expressing wildtype strain) and DH-L1137 (GFP-expressing Dhly strain) 32 . E. carotovora carotovora strain 15 was used in survival experiments.
PGN. DAP-type and lysine-type PGN were highly purified from Lactobacillus plantarum (American Type Culture Collection 8014) and Staphylococcus epidermidis (American Type Culture Collection 155), respectively, according to a published method 40 . Purity was confirmed by amino acid analysis. Highly purified TCT has been described 35 RNAi in S2 cells. The double-stranded RNA used in the RNAi experiments was synthesized as described 5 . Templates for double-stranded Atg5 RNA were amplified with the primers 5¢-TAATACGACTCACTATAGGGCAAATAAGGAA CATGGCC-3¢ and 5¢-TAATACGACTCACTATAGGGTCAGGCAGGACATG TAG-3¢. Double-stranded RNA was transfected into S2 cells as described 5 .
L. monocytogenes infection of S2 cells and intracellular bacteria counts. Cultures (1 Â 10 6 cells/ml) were incubated for 18 h and 50 nM water-soluble cholesterol was added to the culture as described 30 . After 30 min of incubation, a suspension of L. monocytogenes (approximately 20 bacteria per cell unless stated otherwise) was added and the cells were incubated for 1.5 h at 28 1C for infection with 20 bacteria per cell. Cells were then washed with PBS and were incubated for 6 h in Schneider's drosophila medium containing CuSO 4 (100 mM) and gentamicin (10 mg/ml). After being washed with PBS, cells were dispersed in water to release bacteria from the cytoplasm of the S2 cells. Samples were then plated on brain-heart infusion plates for measurement of colony-forming units.
